Impact Statement 24
This manuscript presents crystal structures of a photochromic protein in both states, before (1.6 Å) 25 and after (1.9 Å) the light induced photochemical event with sufficient resolution to allow detailed 26 description of conformational changes of chromophore and protein. The light driven reaction, double 27 bond photoisomerization of a covalently bound bilin chromophore is presented here for the first 28 time. Our results allow determining the impact of the chromophore photochemistry on the protein 29 conformation. In addition, we succeeded in trapping an intermediate carrying the chromophore 30 already in isomerized state with the protein still in unchanged conformation. Absorption spectra of 31 this intermediate clearly demonstrate a color change, thus allowing conclusion that the absorption of 32 phytochromes is predominantly determined by the chromophore conformation alone with only 33 moderate effect of the surrounding protein. Cyanobacteriochromes have been classified into several sub-families according to their absorbance 104 range and amino acid sequences ( Rockwell et al., 2009; Rockwell et al., 2011; Anders and Essen, 105 2015) . The most prominent subfamily is red-green switching with a red-absorbing parental state 106 (absorption maximum around 650 nm) and green-absorbing photoproduct showing a remarkably 107 large hypsochromic shift of ca. 100 nm. Slr1393 from Synechocystis PCC6803 is a member of this sub-108 family with absorbance maxima at λmax = 649 nm and 536 nm, respectively Xu et 109 al., 2014) . Slr1393 is composed of three consecutive, N-terminally located GAF domains and a C-110 terminally located histidine kinase, making this protein a canonical two component signaling system 111 . Out of the three GAF domains, only GAF3 (Slr1393g3, in the following, …gn, e.g., 112
g3, indicates the number of the GAF domain of a CBCR that binds the chromophore) has the 113 capability to bind a bilin chromophore, however, this property, as well as the photochemical 114 features, are also preserved if Slr1393g3 is expressed independently as an autonomous protein 115 ( Figure 1 b) (Xu et al., 2014) . The absorbance maxima of both parental and photoproduct state are 116 sufficiently well separated allowing a nearly complete mutual light-driven conversion of one form 117 into the other, and, in addition, the photoproduct state of Slr1393g3 shows a remarkable thermal 118 stability: in the dark, the thermal re-conversion into the parental state proceeds to less than 10 % 119 over 24 h (20 °C) (Xu et al., 2014) . 120
These properties allowed crystallization and structure determination of both parental state and 121 photoproduct spectral forms of Slr1393g3 with high resolution, enabling us to precisely identify 122 conformational changes between parental state and photoproduct in one and the same protein. So 123 far, nearly all approaches in phytochrome structure analysis aiming at the understanding of 124 conformational changes between the parental and the photoproduct state had to rely on comparison 125 of the two states from different proteins for which one or the other state is the parental form, e.g., 126
comparing a bacteriophytochrome (15-Z red-absorbing parental state) with a 'bathy' phytochrome 127 for which the 15-E far red-absorbing form is the parental state (Yang et al., 2008) . Only one other 128 phytochrome-related protein, the CBCR TePixJg from Thermosynechococcus elongatus, has already 129 been crystallized in both parental and photoproduct state with good resolution (2.4 and 2.0 Å) 130 (Narikawa et al., 2013a; Burgie et al., 2013) , however, this protein shows a remarkably exotic, non-131 typical photochemistry. In contrast to canonical phytochromes and red-green switching CBCRs, 132
TePixJg shows a very blue-shifted parental state (λmax = 433 nm) and a green-absorbing photoproduct 133 (λmax = 531 nm). The positions of the absorption bands of both states of TePixJg are caused by 134 atypical chromophores: although being formed with PCB as chromophore, the protein converts this 135 chromophore into phycoviolobilin (PVB, conversion of the C4=C5 double bond, Figure 1a , into a 136 single bond), thus generating a chromophore with only three pyrrolic rings (B, C, and D) in 137 conjugation (Ishizuka et al., 2011) , but still allowing Z-E isomerization at the double bond between 138 rings C and D. Even more uncommon for phytochromes is the chromophoric structure in the blue-139 absorbing parental state: the short absorption band is accomplished by covalent attachment of a 140 cysteine residue to the central C10 position thus restricting the conjugated π-system to only two 141 pyrrolic rings (rings C and D) (Rockwell et al., 2008) . 142
We thus consider the here presented crystal structures of the parental and photoproduct state of 143 assembled structure is slightly higher, we refer to this structure in the following. Crystals of in vitro 170 assembled Slr1393g3 diffracted to 1.6 Å and contained one monomer per asymmetric unit (ASU). The 171 entire sequence of Slr1393g3 could be modeled into the electron density (residues 441-596 for 172 original full-length numbering of 1393) with two N-terminal residues originating from the expression 173 tag (Gly439 -Ser440). The R-values after refinement were Rwork 15.5 % and Rfree 18.1 %, respectively. 174
Slr1393g3 shows a typical GAF domain folding with a central twisted anti-parallel β-sheet sandwiched 175 by α-helices (Figure 2 a) . The overall fold is remarkably similar to that from AnPixJg2 (PDB code 176 3W2Z, (Narikawa et al., 2013b); rmsd 1.87 Å over 154 Cα atoms) ( Figure S1 a), and also to a GAF 177 domain structure of a canonical phytochrome (cf. Cph1, PDB code 2VEA, rmsd 1.98 Å over 142 Cα 178 atoms; in the following, names of canonical and bacterial phytochromes, e.g., Cph1, refer to only 179 their chromophore-binding GAF domain) ( Figure S1 b) with the individual conformation 180 requirements, i.e. an extended loop structure to adopt the chromophore. 181 The structure of the parental state of AnPixJg2 (3W2Z) and the here reported structure are the only 193 ones known so far for these red-green switching CBCR proteins. In order to allow for facile 194 comparison of secondary structure elements, we refer to the assignment of α-helices and β-sheets as 195 proposed for AnPixJg2 (Narikawa et al., 2013b) . Significant variations to the AnPixJg2 structure reside 196 in the absence of β3 (an unstructured loop in Slr1393g3); the here presented additional α-helical 197 element, α4´ (Figure 2 a,b) is also present in the AnPixJg2 structure, but was not annotated by these 198 authors. The central β-sheet is composed of beta strands β1, β2, β4, β5 and β6, flanked by helices α3, 199 α3´, α4´ and α4 on the chromophore binding side, and α2 and α5 on the opposite side. This first antiparallel sheet region is followed by a large unstructured domain extending up to Gln497 204 indicating the beginning of two short α-helices α3 and α3' (Asp498 -Asn504 and Gly506 -His512). A 205 very short β-strand (β4) can be identified for Leu515 -Ala516 -Val517 adapting an antiparallel 206 arrangement with β5 (see below). The following amino acids, Asp519 -Ala523 compose a short helix 207 (α4´). However, except for these very short secondary structure elements, the entire stretch from 208 Ala480 up to Phe525 appears to be a rather unordered loop region. Thr526 -Phe536 form an α-209 helical motif (α4) harboring the instrumental Cys528 (covalent attachment site for the 210 chromophore). Phe536 as the last aa of this helix is connected through a short unstructured section 211 to Arg539 indicating the beginning of a second antiparallel β-sheet motif (β5: Ala540 -Val548 and 212 β6: Gln551 -Gln560). Amino acids Asn561 up to Trp567 compose a loop connecting this second 213 antiparallel β-sheet motif to the final helix α5 spanning amino acid Gln568 up to Arg594. This final α-214 helix is oriented antiparallel to the initial helix thus compensating the positively charged N-terminal 215 end by its carboxy terminus. 216
In Slr1393g3-Pr state the loop connecting β2 and α3 (residues 480 to 497) does not contain 217 secondary structure elements and has two residues that interact with a symmetry related molecule 218 in the crystal assembly (Lys487 with Asn511' and Gln481 with Glu550' and Gln551', respectively) 219 ( Figure S2 a) . This arrangement is found nearly identical in the AnPixJg2 structure. 220
The PCB chromophore is covalently bound to Cys528 on helix α4 and is embedded between the 221 central β-sheet array and helices α3, α3´, and α4. As expected for the parental state, the PCB 222 molecule adopt the 15-16 cis-configuration, showing an overall Z,Z,Z,s,s,a geometry for all double 223 and single bonds in the ring-connecting bridges. 224
The chromophore is held in its conformation by several interactions to surrounding amino acids 225 Table 2 ; note that in the following we use the atom labelling according to the pdb 226 coordinate files when describing inter-atomic distances since this is also the standard labeling in the 227 The role of an instrumental histidine, considered for chromophore conformational stability and for its 249 absorption properties by π-π stacking (Velazquez Escobar et al., 2013) is taken by His529, located 250 'above' the plane spanned by rings B and C at a distance of 3.8 Å (side chain atom His-ND1 to 251 nitrogen atom ND of PCB ring B) and 3.5 Å (His-NE2 to NA of PCB ring C). Asp498 comprises the 252 central counterion interacting through its carboxylate group (i.e. OD2) with the A-, B-, and C-pyrrolic 253 nitrogen atoms (2.6 Å, 3.0 Å and 2.6 Å to nitrogen NC, ND and NA, respectively). This Asp counterion 254 situation is identically found in AnPixJg2, and is different to, e.g., Cph1 where the central position 255 between pyrrole nitrogens A, B, and C is occupied by the backbone carbonyl group of an aspartate 256 together with a water molecule. In Slr1393g3-Pr state the propionate group at ring B is back-folded 257 making contact to Thr526 (2.8 Å) and to His529 (2.9 Å), whereas the propionate group of ring C is 258 extended and interacts with Arg508 (as well through the side chain as also through the backbone 259 carbonyl unit in a range of 2.8 Å -3.2 Å); the carboxylic group of this propionate makes additional 260 contacts to two closely located water molecules. The carbonyl substituents at rings A and D (OC and 261 OB) are in hydrogen-bonding distance to Asn532 and Trp496 (A-ring carbonyl group), and Thr543 and 262
2D ligand plots (Figures 3 and S3). 228
Tyr559 (D-ring carbonyl group). In addition, a water molecule is part of a hydrogen-bonding network 263 between His529 and D-ring nitrogen (see Table 2 ; for a comparison of chromophore-protein 264 interactions for the red-(Pr) and the green-absorbing state (Pg), and the intermediate see Figure S3 265 a-c; for AnPixJg2, Cph1, and TePixJg see Figure S3 d-f). 266
In particular Trp496 constitutes a stabilizing factor for the Pr-state of Slr1393g3. Its side chain is 267 nearly parallel and in close, π-π stacking distance to ring D ( Figure 4) 
284
The chromophore binding pocket is formed as a cleft opening to the protein surface thus enabling 285 the PCB molecule to enter and to be anchored by the covalent thioether bond formation to Cys528. 286
The protein surface charge around the chromophore binding pocket shows an overall acidic 287 character and might be considered as potentially attracting the basic pyrrole rings of PCB prior to 288 covalent bond formation ( Figure S4 
318
The formation of this new α-helical element (486-492) adding several hydrogen bonds to this part of 319 the protein might increase stability to the conformation of protein and chromophore in the 320 photoproduct. Some residues of this connecting part are in hydrogen bonding distance to a 321 symmetry related protein molecule (e.g. Gln497 to Glu513', Leu495 to Arg508´, Asn492 to 322 Gly518´and Arg565') ( Figure S2 b) , however, these rather weak interactions are unlikely to be related 323 to the tremendous shift in absorption. 324
The most significant change in the rearrangement of the long unstructured stretch is an outward 325 swing/rotation of Trp496 (being in π-π-stacking distance to ring D of the PCB molecule in the parental 326 state) by -42° and a displacement of ca. 14 Å with regard to the side chain atom CZ2 (see Figure 6 a). 327
Clearly, the chromophore isomerization had pushed outward this tryptophan residue due to the 328 movement of the pyrrole ring D, thus opening the chromophore binding pocket to the external 329 medium ( Figures 5, 6 a) . As a consequence of the ring D rotation, the chromophore is drawn closer to 330 helix α4 (Figure 6 b) . 331
Further, we find for the Pg-state of Slr1393g3 a change of the propionate side chains' counterion 332 caused by the chromophore isomerization: still Arg508 keeps this function (~2.8 Å), however, now 333 hand-shaking with the propionate side chain of ring B (photoproduct state) instead of the propionate 334 group from ring C (parental state) ( Table 2 ). The released propionate group from ring C now interacts 335 with His529 (2.7 Å). This change of interaction between Arg508 and either of the two propionate side 336 chains is related to a slight rotation of chromophore around its vertical axis. 337
As a result of this spatial/rotational re-arrangement, Thr526, Asn532, Thr543 and Tyr559 are no 338 longer involved in chromophore interactions, instead Thr499 stabilizes the A-ring (3.1 Å), together 339 with Asp498 (2.74 Å), as also observed in Slr1393g3-Pr-state ( Figure S2 b) . Interestingly, a CAPSO 340 molecule, originating from the precipitant, is bound between two monomers close to the propionate 341 group of ring B (see also changes can be seen for ring D: its carbonyl group has contact to sodium 2 (Na2, 2.48 Å), and 346 formerly found (parental state) water molecule is now removed. 347 that also highlights the different relative orientation of the chromophore to the surrounding 371 secondary structure elements, e.g., α4 and β5. This color/isomeric change is not of generic nature as 372 would occur from unintended exposure of the crystal to light, but is clearly limited to the location of 373 the X-ray beam, as is apparent by recording the absorbance of the crystal at the position of X-ray 374 beam exposure before and after the data collection conditions (Figure 8 ): X-ray exposure of 375 Slr1393g3 photoproduct crystals showed an slight increase of the parental form absorbance around 376 650 nm (absorbance shoulder in Figure 8 ) with the dominant absorbance still documenting the 377 photoproduct form with λmax around 550 nm. Following that observation, the structure of the 378 photoproduct state (described above) has been determined by very short exposure to the X-ray 379 beam and helical data collection in order to prevent conversion of the chromophore. 380 Z,Z,Z,s,s,a configuration (Figure 7 b) . 395
Despite the different C15-C16 isomeric state, the hydrogen bonding pattern between the PCB 396 chromophore and the Slr1393g3-intermediate protein is similar to the photoproduct Pg-state with 397 few variations: ring A is hydrogen bonded to Thr499 and Asp498, ring B to Arg508, Asp498, one 398 water, one sodium ion and a CAPSO molecule (from the precipitant), ring C interacts with His529, 399
Asp498, one Tris molecule and one sodium ion, whereas ring D interacts only to 4 water molecules 400 (Table 2 ; Figure S3 c) . Like in the Pg-structure, the connector of β2 and α3 is still in the photoproduct 401 conformation and thereby different than in the Pr-state. Thus, Trp496 remains oriented outwards 402 and in close proximity to Cys528 (more than 10 Å apart from the D ring) being out of reach for any π-403 π stacking. The positionally conserved tryptophan in the ortholog protein AnPixJg2 (Trp289, note that 404 this residue has been assigned as Trp90 in the structural assignment by Narikawa et al., 2013) have already been outlined in the introduction). In addition, the structure now identifies effects 419 formerly reported for site directed mutations (Xu et al., 2014) . The mutants described in this 420 manuscript had been classified in three groups, according to their absorbance properties: (i) showing 421 absorbance peaks comparable to the wildtype protein, (ii) exhibiting significantly shifted absorbance 422 maxima, or (iii) presenting a complete loss of in vivo chromophore binding ability (Figure 9 ). 423 ring of PCB in the parental state only, since here the chromophore is located more inside the protein 451 cleft and therefore closer to Asn532. Asp531 is not in hydrogen bonding distance to the 452 chromophore in any of the solved structures, but in short distance to the chromophore binding 453
Cys528 in the parental state, i.e. the backbone of Asp531 is involved in a hydrogen bond (~2.8 Å) with 454 Asp527. Mutation from Asp to Thr at position 531 might affect this interaction, resulting in a 455 different orientation of Cys528. 456
As mentioned before, Arg508 is an important binding partner for the PCB chromophore in all three 457 conformations solved. It interacts either with the propionate group from ring C (parental state) or 458 from ring B in the photoproduct and intermediate state, therefore a mutation to Asn obviously 459 impairs these interactions. The last amino acid in this group of mutants is Tyr559 being one of the D-460 ring binding residues in the Pr-state. Accordingly, substitution by His extends the distance of the His 461 sidechain to the D-ring (~3.9 Å from 2.6 Å for Tyr) and thus reduces the stabilizing forces. 462
The third group comprises all mutated variants that have lost the ability of in vivo chromophore 463 binding (Y509P, N511K, F525A, H529Y, and W567E). Some of these mutants can be furnished with 464 the chromophore in vitro, others have lost also this potential. Tyr509 is not directly involved in 465 chromophore binding, but is in proximity to ring B in the parental state. Tyr509 is anchored in helix 466 α3´, but the mutation T509P, introducing the rigid proline, likely destroys this helical arrangement. 467
Phe525 is located in the loop connecting α4´ and helix α4. Also this amino acid is also not directly 468 involved in chromophore interaction, but Phe525 might act as a sensor for the PCB molecule due to 469 its proximity to the propionate group from ring B in the Pr-state. An effect is also reported upon 470 mutating Trp567 into Glu. Trp567 interacts with the backbone of Val517 and Phe541 and might 471 therefore play a role in stabilizing this part of the β-sheet. Mutation of Asn511 into Lys presents an 472 interesting case. This amino acid is located on the surface of the GAF3 domain with the sidechain 473 pointing outwards. For Slr1393g3-Pr-state we determined a dimeric assembly in solution, and in the 474 crystal Asn511 is forming an H-bond to the backbone oxygen of Lys487, wherefore the Asn-to-Lys 475 mutation at this position might change the dimer interface due to the much longer sidechain of Lys 476 ( Figure S2 a) . The last amino acid in this group, His529, is one of the most important binding residues 477 for the PCB chromophore in all states. In the parental state it interacts with the propionate group 478 from ring B, but in the Pg-and intermediate state with the propionate group from ring C. 479 Replacement of this sidechain by Tyr (H529Y) most likely causes two different effects both leading to 480 the loss of chromophore binding capacity: the interaction with either of the propionate side chains is 481 eliminated and the longer sidechain induces sterical hindrances within the binding pocket, reducing 482 the available space for the PCB molecule. This is in good agreement with the fact that the mutant 483 H529Y cannot be furnished with the chromophore, neither in vivo nor in vitro. 484
Factors affecting the absorption properties in phytochromes and related proteins. In addition to the 485 direct comparison of two states of Slr1393g3, the structural determination of a photoisomerization 486 intermediate with the protein still in the photoproduct state and the chromophore already in 15-Z 487 conformation of the parental state clearly adds to our knowledge of chromophore-protein 488 interaction in phytochromes. However, our findings also challenge proposed mechanisms that 489 regulate the absorbance of the various states. We find a color change of intermediate state crystals 490 (at positions where the crystals were exposed to the X-ray beam) concomitant with the chromophore 491 in 15-Z configuration (λmax around 650 nm, Figure 8 ), despite the presence (parental state) or absence 492 (photoproduct) of the π-π stacking with Trp496, and irrespective of an altered protein surrounding 493 and interactions with amino acids and water molecules. Apparently, it is not necessary that the 494 rearrangement of the binding site offers a more polar environment to the chromophore causing a 495 color change (as was proposed on the basis of quantum mechanical calculations (Velazquez Escobar 496 et al., 2013)), but apparently the absorption properties are intrinsic to the conformation, respectively 497 the distortion along bridging single bonds, of the chromophore itself (with its particular interactions 498 to amino acid side chains in its close proximity). Accordingly, both 15-Z and 15-E isomers of Slr1393g3 499
show A-and D-rings in strong, but different distortion angles along the bridging single bonds. This is 500 highlighted by an overlay of the chromophore conformation in all three structurally resolved states 501 of Slr1393g3 described here, the Pr-, the Pg-, and the intermediate state ( Figure 10 
509
It is intriguing to compare chromophore conformations in various crystallized phytochromes in order 510 to shed light onto structural arrangements that guide the absorption position of the phytochrome(-511 related) proteins, however, many structures provide a resolution too low for precise chromophore 512 conformation determination, and as such, dihedral angles sometimes reside more on model building 513 (for a list of phytochromes and related proteins with reasonable resolution see Table S1 ). In general, 514 the dihedral angle between rings B and C is smallest, reflecting the high degree of conjugation in 515 these two rings for 'relaxed' chromophores in their parental state; it resides between -0.8° and ca. 516 10° for 'canonical' phytochromes (Cph1 from Synechocystis (2VEA), A. thaliana PhyB (4OUR), and the 517 bacteriophytochromes from D. radiodurans (4Q0H) and S. aurantiaca (4RPW) with 2.3°, 0.5°, 3.2°, 518 and 2.9°), but near planarity is also found for AnPixJg2 from Anabaena (2.2°, 3W2Z) and Slr1393g3 519 from Synechocystis (-0.8°, this work). Common to these proteins is also the large negative dihedral 520 angle between rings C and D (negative values arise from the anti configuration of the 14-15 single 521 bond), all found in a range of ca. 150° and 160°. For these proteins, a larger variation (between 0° 522 and ca. 20°) is found for the dihedral angle between rings A and B. Stronger deviations from these 523 ranges of dihedral angles are seen for phytochromes with unusual properties, e.g., bathy-524 phytochrome from P. aeruginosa (3NHQ) with an unusually large B-C ring angle (17°) or the 525 cyanobacteriochrome TePixJg (4FOF, 3VV4), switching between a blue-and green-absorbing state. 526
For this protein strongly tilted rings are found for both states: -96.4°, 11.3°, and -134.6° (A-B grew to a final size of 90 × 90 × 60 µm 3 within 2 weeks. Crystal-containing drops were overlaid with 592 mineral oil for cryo-protection before harvesting the crystals. Crystals were shock-frozen with liquid 593 nitrogen. All steps were performed under dim red-light. 594 , TePixJ autocatalytically converts its PCB chromophore into phycoviolobilin (PVB) 746 5 , The blue-absorbing, short wavelength absorption is accomplished by covalent attachment of 747 cysteine residue to carbon 10 of PVB thus restricting the π-electron conjugation to rings C and D. 748 
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The chromophore molecules and interacting residues are represented as ball-and-sticks, distances are given in 764 Å (dotted lines). Residues in close proximity to the chromophore, but not in hydrogen bonding distance are 765 depicted as semi-circles, water molecules are omitted. Note that these plots are purely schematical 
